Nanoparticle-based contrast agents are expected to play a major role in the future of molecular imaging due to their many advantages over the conventional contrast agents. These advantages include prolonged blood circulation time, controlled biological clearance pathways, and specific molecular targeting capabilities. Recent studies have provided strong evidence that molecularly targeted nanoparticles can home selectively onto tumors and thereby increase the local accumulation of nanoparticles in tumor sites. However, there are almost no reports regarding the number of nanoparticles that bind per cell, which is a key factor that determines the diagnostic efficiency and sensitivity of the overall molecular imaging techniques. Hence, in this research we have quantitatively investigated the effect of the size of the nanoparticle on its binding probability and on the total amount of material that can selectively target tumors, at a single cell level. We found that 90 nm GNPs is the optimal size for cell targeting in terms of maximal Au mass and surface area per single cancer cell. This finding should accelerate the development of general design principles for the optimal nanoparticle to be used as a targeted imaging contrast agent.
Introduction
Imaging plays a critical role in overall cancer management; in diagnostics, staging, radiation planning, and evaluation of treatment efficiency. Conventional imaging technologies for cancer detection such as CT, MRI, and ultrasound can be categorized as structural imaging modalities. They are able to identify anatomical patterns and to provide basic information regarding tumor location, size, and spread based on endogenous contrast. However, these imaging modalities are not efficient in detecting tumors and metastases that are smaller than 0.5 cm [1] , and they can barely distinguish between benign and cancerous tumors. Molecular imaging is an emerging field that integrates molecular biology, chemistry, physics, and medicine in order to gain understanding regarding biological processes and to identify diseases based on molecular markers, which appear before the clinical presentation of the disease.
Recently, much research has focused on the development of targeted nanoparticles for use as contrast agents for molecular imaging. These include superparamagnetic nanoparticles for MRI [2] [3] [4] [5] [6] , quantum dots for optical imaging [7] [8] [9] , and gold nanoparticles (GNPs) for optical imaging [10, 11] and CT [12] [13] [14] .
GNPs are a class of contrast agents with unique optical properties. They are well known for their strong interactions with visible light through the resonant excitations of the collective oscillations of the conduction electrons within the particles [15] . As a result, local electromagnetic fields near the particle can be many orders of magnitude higher than the incident fields, and the incident light around the resonantpeak wavelength is scattered very strongly. The resonance condition is determined from absorption and scattering spectroscopy and is found to depend on the shape, size, and dielectric constants of both the metal and the surrounding material. This localized surface plasmon resonance (LSPR) has led to the development of a wide range of biochemical detection assays [16] and various nanoprobes for optical imaging of cancer [17, 18] .
In order to study whether incubation of the cancer cells with different sizes of GNPs can improve the coverage of the cells' surface, 15, 70, and 150 nm GNPs were incubated with head and neck cancer cells (A431) in different incubation orders, as illustrated in Table 2 . We hypothesized that small 2 Journal of Atomic, Molecular, and Optical Physics GNPs, when introduced to the cells in a second cycle (after larger GNPs were incubated), will fill the gaps between the larger GNPs on the cells' surfaces.
GNPs are also an ideal CT contrast agents. The ability of CT to distinguish between different tissues is based on the fact that different tissues provide different degrees of X-ray attenuation, where the attenuation coefficient is determined by the atomic number and electron density of the tissue; the higher the atomic number and electron density, the higher the attenuation coefficient. The atomic number and electron density of gold (79 and 19.32 g/cm 3 , resp.) are much higher than those of the currently used iodine (53 and 4.9 g/cm 3 ) and, therefore, gold induces a strong X-ray attenuation. When the gold particles are linked to specific-targeting ligands, such as monoclonal antibodies or peptides, these nanoparticles can selectively tag a wide range of medically important targets, for example, specific cancer cells, with high affinity and specificity. In addition, gold nanoparticles proved to be nontoxic and biocompatible in vivo [19, 20] .
Recently, Hainfeld et al. [21] showed that GNPs can enhance the visibility of millimeter-sized human breast tumors in mice, and that active tumor targeting (with antiHer2 antibodies) is more efficient than passive targeting. They also showed that the specific uptake of the targeted GNPs in the tumor's periphery was 22-fold higher than in surrounding muscle. Another recent study demonstrated enhanced CT attenuation of bombesin-functionalized GNPs that selectively targeted cancer receptor sites that are overexpressed in prostate, breast, and small-cell lung carcinoma [22] . In our own research, [23] , we recently demonstrated that a small tumor, which is currently undetectable through anatomical CT, is enhanced and becomes clearly visible by the molecularly-targeted GNPs. We further showed that the CT number of molecularly targeted head and neck tumor is over five times higher than the corresponding CT number of an identical but untargeted tumor, and that active tumor targeting is more efficient and specific than passive targeting.
These studies have provided strong evidence that nanoparticles accumulate in vivo on the tumor. However, there are almost no reports regarding the number of nanoparticles that bind per cell, which is a key factor that determines the diagnostic efficiency and sensitivity of the overall molecular imaging techniques. Hence, in this research, we have quantitatively investigated the effect of the size of the nanoparticle on its binding probability and on the total amount of material that can selectively target tumors, on a single cell level. We have further investigated the ability to increase the amount of contrast material that binds per cell by simultaneously targeting nanoparticles in different sizes or in consequent cycles.
Methods

Gold Nanospheres Synthesis, Conjugation, and Characterization.
Gold nanospheres (10, 15 , and 30 nm) were synthesized by citrate reduction according to the method described by Turkevitch et al. [24] . Larger GNPs (70, 90, and 150 nm) were synthesized using the seed mediated growth method [25] . Briefly, gold seeds were synthesized using an aqueous HAuCl 4 solution (0.25 mL of 0.05 M solution) and adding it to 50 mL H 2 O and boiling. After boiling, 1.75 mL of 1% citrate (1.75 mL of a solution that was 114 mg in 10 mL H 2 O) were added to the solution and stirring was continued for 20 min. The solution was cooled to room temperature and used directly for further experiments. This method produced gold nanospheres with a diameter of 15 nm [26] . In order to enlarge the nanoparticles, 170 mL DD water along with 0.44 mL of 1.4 M HAuCl 4 and 26 mL seed solution to make 90 nm GNPs or 31 mL seed solution to make 70 nm GNPs was added to a 400 mL Erlenmeyer flask. Then, 3.72 mL of 0.1 M 2-mercaptosuccinic acid (MSA) was added as the reducing agent. The solution was stirred for 1 min and left overnight. According to this method 70 and 90 nm gold nanospheres were synthesized.
In order to prevent aggregation and to stabilize the particles in physiological solutions, a layer of polyethylene glycol (mPEG-H) was absorbed onto the GNPs. This layer also provides the chemical groups that are required for antibody conjugation (SH-PEG-COOH). The SH-PEG layer consisted of a mixture of 15% SH-PEG-COOH (Mw. 3400) and 85% SH-PEG-methyl (Mw. 5000), both obtained from Creative PEGWorks, Winston Salem, NC. The PEG solution was added to the GNPs solution and stirred for 3 hours. It was then centrifuged in order to get rid of excess PEG citrate and MSA. The ratio of PEG molecules to GNPs was calculated based on a footprint area of 0.35 nm 2 [27] .
Conjugation of Antibodies to GNPs.
In order to specifically bind to the SCC cancer cells, anti-EGFR (epidermal growth factor receptor, Erbitux, Merck KGaA), antibodies, which bind exclusively to the EGF receptor, were conjugated to the outer coating of the nanoparticles. The interaction between the GNP and the antibody are based on electrostatic attraction between the negatively charged heterofunction PEG (SH-PEG-COOH) and the positive segment of the antibody in pH 7.4.
EGFR conjugation to 70 nm GNPs: 1.31 mg of SH-PEG-COOH and 11 mg of SH-PEG were dissolved in 2 mL DD water and added to the GNPs solution with stirring for 3 hours. The solution was centrifuged and 15 mL of 5 mg/mL of anti-EGFR were added to the solution with stirring for 1 hour in order to get rid of excess anti-EGFR. The solution was kept at 4
• C. The conjugation of anti-EGFR to all other GNPs sizes was achieved using the same method with different quantities.
In Vitro Cell Targeting Study Using
GNPs. In order to study the effect of nanoparticle size on its binding probability, 15, 70, and 150 nm GNPs were incubated with head and neck cancer cells (A431); (Group A with 15 nm GNPs, group B with 70 nm GNPs, and group C with 150 nm GNPs.) A431 cells (1.5 × 10 6 ) in 5 mL DMEM medium containing 5% FCS, 0.5% penicillin, and 0.5% glutamine were incubated for a quantitative cell binding study (each experimental group was run in triplicate). Each group was incubated 3 times with access amount of anti-EGFR-coated GNPs for 30 minutes at 37
• C. After incubation, the medium was washed twice with PBS followed by addition of 1 mL of aqua-regia. After evaporation of the acid, the sediment was dissolved in 5 mL of 0.05 M HCl. The gold concentrations of the samples were quantified by Flame Atomic Absorption Spectroscopy (SpectrAA 140, Agilent Technologies).
We have further investigated whether we are able to increase the amount of contrast material that binds per cell by subsequent cycles of binding, and how many GNPs can bind to a single cancer cell after each cycle of incubation. Therefore, 90, 30, and 10 nm GNPs were incubated in consequent cycles with the A431 cells (each cycle for 30 min at 37
• C) as illustrated in Table 1 . After each incubation cycle, the amount of gold (Au mass/cell) was measured using FAAS. Then, the number of GNPs that were bound in each cycle could be calculated.
Results and Discussion
Gold Nanospheres Synthesis, Conjugation and Characterization.
We have successfully synthesized GNPs in various sizes, ranging from 10 nm up to 150 nm. Figure 1 shows TEM images of 10, 30, 70, and 150 nm GNPs. As can be seen, the small GNPs (∼10 nm) have a relatively large size distribution (25%, Figure 1(a) ), while particles that are larger than 30 nm are more homogeneous with a very narrow size distribution (Figures 1(b), 1(c), and 1(d) ). The surface plasmon resonances of the various size GNPs are illustrated in Figure 2 . It can be seen that when the nanospheres are enlarged there is a red shift in the surface plasmon resonance of the particles (from 525 nm to 580 nm).
GNPs were successfully coated with PEG and anti-EGFR antibody. The antibody conjugated GNPs were stable for up to three months, confirmed by their maintenance of the same plasmon resonance.
Quantitative Investigation of the Size Effect of the Nanoparticle on Its Binding Probability.
Before studying the effect of nanoparticle size on its binding probability, we have evaluated the specificity of the interaction between the antibody-coated GNPs and the A431 SCC cancer cells (which highly express the EGF receptor). Two types of GNPs (50 µL of 25 mg/mL) were introduced to the SCC head and neck cancer cells (2.5 × 10 6 cells). The first was specifically coated with anti-EGFR antibody, while the second, which was used as a negative control, was coated with a nonspecific antibody (anti-Rabbit IgG). Atomic absorption spectroscopy measurements quantitatively demonstrated that the active tumor targeting (anti-EGFR coated GNPs) was significantly more specific than the control experiment (anti-Rabbit IgG coated GNPs). The A431 cells took up 26.3 ± 2.3 µg of targeted GNPs (3.9 × 10 4 GNPs per A431 cell); while parallel cells in the negative control experiment absorbed only 0.2 ± 0.01 µg of GNPs (3.4 × 10 3 GNPs per cell). Our results correlate well with previously published studies, which report that head and neck SCC express from 2 × 10 4 to 2 × 10 6 EGFRs/cell [28, 29] .
In order to quantitatively investigate the effect of nanoparticle size on its binding probability (on a single cell level), head and neck cancer cells were incubated with different size GNPs (15, 70, and 150 nm) for 30 min. For maximal binding, the particles were incubated three times with the cancer cells. Figure 3 shows the total amount of gold (Au mass/cell) that binds per cell for nanoparticles of different sizes (15, 70, and 150 nm) . The results clearly demonstrate that larger particles produce larger amounts of gold per cancer cell. For the 15 nm GNPs, only 0.0018 ng of gold was bound to a single cancer cell (A431) while for the largest particles, 150 nm, 0.145 ng of gold was bound to a single cancer cell.
Once we have quantitatively measured (using FAAS) the total amount of gold that was bound to a single cancer cell, the exact number of nanoparticles and the GNPs' surface area per cancer cell could then be calculated. Table 3 shows the total Au mass, the number of GNPs of different sizes, and the surface area of the GNPs that are bound to a single cancer cell. These results clearly demonstrate that smaller particles have a higher probability to bind to cancer cells (via antibodyantigen interaction) than larger particles (Figure 4(a) ). The probability of 15 nm GNPs to bind to cancer cells is about 13 times more than the probability of 150 nm GNPs. However, larger particles produce larger amounts of Au mass per cell, as well as larger surface area, as illustrated in Figures 4(b) and 4(c). Nevertheless, particles larger than 90 nm only slightly increased the Au mass/cell and the surface area/cell.
We have further investigated whether incubation of the cancer cells with different sizes of GNPs can improve the coverage of the cells' surface. We have hypothesized that small GNPs, when introduced to the cells in a second cycle (after larger GNPs were incubated), will fill the gaps between the larger GNPs on the cells' surface. However, as can be seen in Figure 5 , maximum coverage (or max. Au mass/cell) was obtained for the largest GNPs (column C, 0.14 ngr Au/cell). It has also been demonstrated that the order of the incubation (between the cells and the GNPs) is critical. When 15 nm GNPs were introduced first to the cells, overall, a much smaller amount of gold was bound (column A).
Journal of Atomic, Molecular, and Optical Physics We have further investigated whether we are able to increase the amount of contrast material that binds per cell by consequent cycles of binding, and how many GNPs were bound to a single cancer cell after each cycle of incubation. As seen in Figure 6 , the first incubation is the most critical. After one incubation with 90 nm GNPs, 0.1048 ngr of gold (=14258 GNPs) was bound to a single cancer cell. In the second cycle of incubation with 90 nm GNPs ( Figure 6 , column B), only a relatively small number of GNPs were bound (2742 90 nm GNPs (20%)). Adding smaller GNPs (30 and 15 nm, Figure 6 columns C and D) barely influenced the amount of gold per cell (0.0015 ngr (5772 30 nm GNPs (1%) for 30 nm GNPs, and 0 ngr for the 15 nm GNPs). It has been also demonstrated that the first antibody antigen interaction (first incubation between the cells and the GNPs) is the most effective ( Figure 6 , column A).
Summery and Conclusions
In order to develop general design principles for nanoparticles to be used as in vivo imaging contrast agents, we have quantitatively investigated the effect of the size of the nanoparticle on its binding probability and on the total amount of material that can selectively target tumors, on a single cell level. We found that 90 nm GNPs are the optimal size for cell targeting both in terms of maximal Au mass and surface area per single cell. For in vivo applications, 90 nm is in the right size range since the particles should be larger than ∼15 nm to avoid rapid clearance by the kidneys or uptake in the liver, and smaller than ∼150 nm to avoid filtration in the spleen [30] . It has been demonstrated that smaller particles, despite having higher binding probability, produce a smaller amount of Au mass per cell as well as a smaller surface area. Particles that are larger than 90 nm only slightly increased the Au mass/cell and decreased the surface area/cell. It has been also demonstrated that the first incubation is the most critical. However, subsequent incubation can increase the amount of contrast material by about 20%. The results of this study should accelerate the development of general design principles for the optimal nanoparticle to be used as a targeted imaging contrast agent.
